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AC-DC conversion circuit using a plurality of power diodes;
a transformer; a pair of switches, one of which being
inserted 1n series between a DC terminal of the DC-AC
conversion circuit and the AC-DC conversion circuit and the
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BIDIRECTIONAL DC-DC CONVERTER AND
CONTROL METHOD THEREFOR

TECHNICAL FIELD

The invention relates to conversion of DC power input
into DC power output, and more particularly to bidirectional
DC-DC power conversion with immediate conversion nto
AC power.

BACKGROUND ART

Due to demand for decreasing CO, emission and improv-
ing fuel-efliciency of vehicles, there 1s a rapid development
of electric vehicles (EVs). In general, an EV includes at least
one on-board battery for driving an electrical motor and for
supplying electric power to electronic devices mounted on
the vehicle.

Recently, there has been a demand for bidirectional power
transmission of EV charger. In addition to charging the
on-board battery by electric power supplied from power
orid, 1t would be desirable to transmit electricity from the
on-board battery to various electric appliances, such as
power grid, home, or on-board battery of another EV. For
example, the on-board battery can behave as an emergency
power source to supply power from the EV to electric
appliances directly.

A bidirectional DC-DC converter 1s disclosed in Fully
Soft-switched Bidirectional Resonant DC-DC Converter
with A New CLLC Tank, We1 Chen et al, Applied Power
Electronics Conference and Exposition (APEC), 2010
Twenty-fifth Annual IEEE, 21-25 Feb. 2010. The bidirec-
tional DC-DC converter has two H-bridge converters whose
AC terminals are respectively connected with primary wind-
ing and secondary winding of a transformer. Either of the
H-bridges 1s actively controlled and the other 1s uncontrolled
only anti-parallel diodes conducting, such that DC power
can be transierred 1n bidirectional manner. As implemented
with MOSFETs, soft-switching technique 1s achievable
when the MOSFETs are employed as the input port inverting,
device for a forward power transmission, since the switching
losses and conduction losses of MOSFETs are lower than
IGBTs. However, the body diodes of the MOSFETs are used
as the output port rectifier for the backward power trans-
mission, the reverse recovery characteristics of body diode
of the MOSFET 1s usually not good enough due to their
relatively slow reverse recovery speed and relatively high
reverse recovery current or reverse recovery charge, thus
bring about relatively high reverse recovery losses. Besides,
slower reverser recovery characteristics of the body diodes

may worsen the soft-switching operation condition of the
DC-DC converter.

BRIEF SUMMARY OF THE

INVENTION

It 1s therefore an objective of the mvention to provide a
bidirectional DC-DC converter with intermediate conver-
sion mto AC power, including: a DC-AC conversion circuit
using a plurality of MOSFETs; and an AC-DC conversion
circuit using a plurality of power diodes;

a transformer magnetically coupling a first winding and a
second winding, wherein the first winding being electrically
connected between the DC-AC conversion circuit AC ter-
minals and being electrically connected between the AC-DC
conversion circuit AC terminals 1n an arrangement such that
the AC power generated from the mtermediate conversion
by an operation of the DC-AC conversion 1s transierred by
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2

the transformer 1n a forward direction from the first winding,
to the second winding, and the AC-DC conversion circuit
converts the AC power transierred in a backward direction
from the second winding to the first winding into DC power;
a pair of switches, one of which being inserted in series
between respective DC terminals of the DC-AC conversion
circuit and the AC-DC conversion circuit and the other of
which being mserted 1n series between another respective
DC terminals of the DC-AC conversion circuit and the
AC-DC conversion circuit; and a controller being adapted
for turning on the pair of switches such that the plurality of
power diodes of the AC-DC conversion circuit are reverse-
biased where the AC power 1s transierred in the forward
direction and turning off the pair of switches where the AC
power 1s transierred in the backward direction.

According to another aspect of present imnvention, 1t pro-
vides a method for controlling a bidirectional DC-DC con-
verter with mtermediate conversion mto AC power, which
includes a DC-AC conversion circuit using a plurality of
MOSFETs, an AC-DC conversion circuit using a plurality of
power diodes, and a transformer magnetically coupling a
first winding and a second winding, wherein the first wind-
ing being electrically connected between the DC-AC con-
version circuit AC terminals and being electrically con-
nected between the AC-DC conversion circuit AC terminals
in an arrangement such that the AC power generated from
the intermediate conversion by an operation of the DC-AC
conversion circuit 1s blocked by the AC-DC conversion
circuit but is transferred by the transformer in a forward
direction from the first winding to the second winding, and
the AC-DC conversion circuit converts the AC power trans-
ferred 1 a backward direction from the second winding to
the first winding into DC power, the method including steps
of: where the AC power 1s transferred in the forward
direction: electrically connecting respective DC terminals of
the DC-AC conversion circuit and the AC-DC conversion
circuit; electrically connecting another respective DC ter-
minals of the DC-AC conversion circuit and the AC-DC
conversion circuit; reverse-biasing the plurality of power
diodes of the AC-DC conversion circuit; and supplying the
AC power generated from the intermediate conversion by
the DC-AC conversion circuit to the first winding of the
transformer; where the AC power 1s transferred in the
backward direction: suppling the AC power from the inter-
mediate conversion by the first winding of the transformer;
opening the electrical connection of the respective DC
terminals of the DC-AC conversion circuit and the AC-DC
conversion circuit; opening the electrical connection of the
another respective DC terminals of the DC-AC conversion
circuit and the AC-DC conversion circuit; the AC-DC con-
version circuit converting the AC power supplied by the first
winding into DC power; and blocking the AC power flowing
through a body diode of MOSFET of the DC-AC conversion
circuit by the opened electrical connections.

By using the technical solute on according to present
invention, in the forward direction, input DC power supplied
by the first DC power supply 1s converted into AC power, the
transformer regulates the transformation and provides 1nsu-
lation of the AC power, then another AC-DC conversion
circuit whose AC terminals are electrically connected with
the second winding of the transformer converts the AC
power mto DC power suppled to the second DC power; in
the backward direction, input DC power supplied from the
second DC power supply 1s converted into the AC power by
another DC-AC conversion circuit whose AC terminals are
clectrically connected with the second winding of the trans-
former, the transformer regulates the transformation and
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provides 1insulation of the AC power, then the AC-DC
conversion circuit converts the AC power mto DC power
suppled to the first DC power supply V1.

Preferably, 1f the power diode of the AC-DC conversion
circuit exhibits faster reverse recovery characteristics and
relatively higher forward-bias voltage than a body diode of
the MOSFET of the DC-AC conversion circuit, the opened
pair of switches cut off the reverse electrical power which
otherwise would flow from the first winding through the
body diodes of the MOSFETs to the first DC power source
V1 bypassing the power diodes of the AC-DC conversion
circuit. This enables the bidirectional DC-DC converter
according to the embodiment of present invention to achieve
bidirectional power transmission with the power diode of the
AC-DC conversion circuit exhibiting faster reverse recovery
characteristics than a body diode of the MOSFET of the
DC-AC conversion circuit, such as faster reverse recovery
characteristics diodes or S1C diodes.

Preferably, one end of the first winding 1s electrically
connected with both of a cathode of the body diode of one
of the plurality of MOSFETs of the DC-AC conversion
circuit and a cathode of one of the plurality of power diodes
of the AC-DC conversion circuit; and the other end of the
first winding 1s electrically connected with both of an anode
of the body diode of another of the plurality of MOSFETs of
the DC-AC conversion circuit and an anode of another of the
plurality of power diodes of the AC-DC conversion circuit.
The DC-AC conversion circuit and the AC-DC conversion
circuit at the first winding side both employ circuit configu-
ration of full-bridge. Thus, the rating voltage for the power
switches of either of them could be lower. In particular, the
DC-AC conversion circuit can include a first switching leg
comprising two of the MOSFETs connected in series; a
second switching leg comprising another two of the MOS-
FETs connected 1n series and being connected with the first
switching leg 1n parallel; both ends of the first switching are
the DC terminals of the DC-AC conversion circuit; and the
series connection point of the first leg and the series con-
nection point of the second leg are the AC terminals of the
DC-AC conversion circuit. In particular, the AC-DC con-
version circuit includes: a first diode leg comprising two of
the power diodes connected 1n series; a second diode leg
comprising another two of the power diodes connected 1n
series and being connected with the first diode leg 1n
parallel; both ends of the first diode leg are the DC terminals
of the AC-DC conversion circuit; and the series connection
point of the first diode leg and the series connection point of
the second diode leg are the AC terminals of the AC-DC
conversion circuit.

Preferably, the switch includes an auxiliary MOSFET;
and a body diode of the auxiliary MOSFET of the switch 1s
connected 1n anti-series with the body diode of the MOSFET
of the DC-AC conversion circuit. Thus, the conductive
losses of the switch 1s relatively low accordingly.

Preferably, the DC-AC conversion circuit 1s configured of
multilevel full bridge topology or multilevel half bridge
topology. Thus, the rating voltage for the power switches of
DC-AC conversion circuit can be decreased.

Preferably, the DC-AC conversion circuit includes: a
switching leg comprising two of the MOSFETSs connected 1n
series; a capacitor leg comprising a pair of capacitors
connected 1n series and being connected with the switching
leg 1n parallel; wherein: both ends of the switching leg are
the DC terminals of the DC-AC conversion circuit; the
series connection point of the switching leg and the series

connection point of the capacitor leg are the AC terminals of

the DC-AC conversion circuit. The AC-DC conversion
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circuit includes: a diode leg comprising two of the power
diodes connected in series; and the capacitor leg being

connected with the diode leg in parallel; wherein: both ends
of the diode leg are the DC terminals of the AC-DC

conversion circuit; and the series connection point of the
diode leg and the series connection point of the capacitor leg
are the AC terminals of the AC-DC conversion circuit. By
implementing the DC-AC conversion circuit as a halif-bridge
configuration, the number of the power switches can be
reduced and thus the cost of the DC-DC converter can be
lowered.

Preferably, a capacitive element or an inductive element
can be used to realize soit-switching of the MOSFETs.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the mvention will be explained 1n
more detail in the following text with reference to preferred
exemplary embodiments which are 1llustrated 1n the draw-
ings, in which:

FIG. 1 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion into AC
power according to a first embodiment of present invention;

FIGS. 2A to 2D respectively show circuit diagrams stages
F1 to F4 illustrating the switching operation performed
according to the first embodiment 1n forward power trans-
mission;

FIGS. 3A to 3B respectively show circuit diagrams stages
B1 to B2 illustrating the switching operation performed
according to the first embodiment in backward power trans-
mission;

FIG. 4 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion into AC
power according to a second embodiment of present inven-
tion;

FIG. § 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion into AC
power according to a third embodiment of present invention;

FIG. 6 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion ito AC
power according to a fourth embodiment of present inven-
tion;

FIG. 7 1s a schematic circuit diagram of a bidirectional
DC-DC converter as the benchmark solution; and

FIG. 8 shows simulation results of the secondary diode
current.

The reference symbols used 1n the drawings, and their
meanings, are listed in summary form 1n the list of reference
symbols. In principle, 1dentical parts are provided with the
same reference symbols 1n the Figures.

PREFERRED EMBODIMENTS OF TH.
INVENTION

(Ll

Embodiments of the present invention will now be
described in detall with reference to the accompanying
drawings.

FIG. 1 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion ito AC
power according to a first embodiment of present invention.
A first DC power supply V1 and a second DC power supply
V2 can be electrically connected to the opposite ends of the
bidirectional DC-DC converter 1 to transier electric power
between the first DC power supply V1 and the second DC
power supply V2. For example, the first DC power supply
V1 can be generated from power grid, photovoltaic battery,
home power supply, on-board battery of a first EV, and the
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like, and the second DC power supply V2 can be provided
by on-board battery of a second EV; as an alternative, the
first DC power supply V1 can be generated from an on-
board battery of a first EV and the second DC power supply
V2 1s powered by power grid, photovoltaic battery, home
power supply, on-board battery of a second EV, and the like,
as well. The skilled person should understand that electric
power can thus flow 1n a forward direction from the first DC
power supply V1 to the second DC power supply V2
through the an intermediate conversion mmto AC power or
vice versa 1n a backward direction.

As shown FIG. 1, the bidirectional DC-DC converter 1
with intermediate conversion into AC power includes a
DC-AC conversion circuit 10 using a plurality of MOSFETs,
an AC-DC conversion circuit 11 using a plurality of power
diodes, and a transformer T magnetically coupling a first
winding W1 and a second winding W2, wherein the first
winding W1 1s electrically connected between AC terminals
10ac of the DC-AC conversion circuit 10 and 1s electrically
connected between AC terminals 11ac of the AC-DC con-
version circuit 11. The AC power generated from the inter-
mediate conversion by an operation of the DC-AC conver-
sion circuit 10 can be transferred by the transformer T 1n a
torward direction from the first winding W1 to the second
winding W2, and the AC-DC conversion circuit 11 can
convert the AC power transferred in a backward direction
from the second winding W2 to the first winding W1 1nto
DC power. By have such arrangement, in the forward
direction, mput DC power supplied by the first DC power
supply V1 1s converted mto AC power, the transformer T
regulates the transformation and provides insulation of the
AC power, then another AC-DC conversion circuit 20 whose
AC terminals 20ac are electrically connected with the sec-
ond winding W2 of the transformer T converts the AC power
into DC power suppled to the second DC power V2; 1n the
backward direction, mput DC power supplied from the
second DC power supply V2 1s converted into the AC power
by another DC-AC conversion circuit 21 whose AC termi-
nals 21ac are electrically connected with the second winding,
W2 of the transformer T, the transformer T regulates the
transformation and provides insulation of the AC power,
then the AC-DC conversion circuit 11 converts the AC
power 1nto DC power suppled to the first DC power supply
V1.

As shown FIG. 1, the bidirectional DC-DC converter 1
turther 1includes a pair of switches Qal, Qbl, one of which
Qal 1s mserted 1n series between respective DC terminals
10dc, 11dc of the DC-AC conversion circuit 10 and the
AC-DC conversion circuit 11 and the other of which Qb1 1s
inserted 1n series between another respective DC terminals
10dc, 11dc of the DC-AC conversion circuit 10 and the
AC-DC conversion circuit 11. Where both of the switches
Qal, Qbl are opened, the DC-AC conversion circuit 10 1s
disconnected from the AC-DC conversion circuit 11. There-
tore, when the electric power flows 1n the backward direc-
tion where the AC-DC conversion circuit operates rectifying
the AC power supplied from the first winding W1 of the
transformer T, the current flowing through body diodes of
the MOSFETs of the DC-AC conversion circuit 10 1s
blocked.

As shown FIG. 1, the bidirectional DC-DC converter 1
turther includes a controller 12 that controls to switch the
MOSFETs of the DC-AC conversion circuit 10 and the
switches Qal, Qb1 between ON and OFF states. The con-
troller 12 1s configured for turning on the pair of switches
Qal, Qbl such that the plurality of power diodes of the
AC-DC conversion circuit 11 are reverse-biased where the
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AC power 1s transferred in the forward direction and turning,
ofl the pair of switches Qal, Qbl where the AC power 1s
transierred in the backward direction. An operation that the
bidirectional DC-DC converter 1 according to the first
embodiment performs for forward power transmission will
now be described. The controller 12 maintains the switches
Qal, Qb1 1n the ON state and applies an AC power to the
first winding W1 by allowing the DC-AC conversion circuit
10 to perform a switching operation. The AC-DC conversion
circuit 21 rectifies a voltage induced across the second
winding W2 and supplies electrical power to the second DC
power supply V2.

As described above, the switches Qal, (Qbl 1s maintained
in the ON state during forward power transmission. As this
forms a short circuit across the respective DC terminals
10dc, 11dc of the DC-AC conversion circuit 10 and the
AC-DC conversion circuit 11, and a short circuit across
another respective DC terminals 10dc, 11dc of the DC-AC
conversion circuit 10 and the AC-DC conversion circuit 11,
the DC-AC conversion circuit 10 operates to lower the
voltage level at respective AC terminals 10ac, 11ac of the
DC-AC conversion circuit 10 and the AC-DC conversion
circuit 11 and increase the voltage level at another respective
AC terminals 10ac, 11ac of the DC-AC conversion circuit
10 and the AC-DC conversion circuit 11, the power diodes
of the AC-DC conversion circuit 11 are reverse-biased. The
resulting circuit configuration at the first winding W1 side 1s
equivalent to a conventional AC-DC conversion circuit with
its output electrically connected with the first winding W1 of
the transformer T.

Next, an operation that the bidirectional DC-DC converter
according to the first embodiment performs for backward
power transmission will now be described. The controller 12
maintains the switches Qal, (bl in the OFF state and the
AC-DC conversion circuit 11 rectifies a voltage imduced
across the winding W1 from the AC power applied to the
second winding W2 and supplies electrical power to the DC
power supply V1. The AC power applied to the second
winding W2 of the transtormer T 1s provided by the DC-AC
conversion circuit 20 at the second winding W2 side.

As described above, when backward power transmission
occurs, the AC-DC conversion circuit 11 at the first winding
side functions as a rectifier circuit with the switches Qal,
(bl maintained 1n the OFF state. As shown FIG. 1, for
example, the DC-AC conversion circuit 10 1s configured
with full-bridge topology. The DC-AC conversion circuit 10
includes: a first switching leg compnsmg two of the MOS-
FETs Q11, Q12 connected 1n series, and a second switching
leg comprlsmg another two of the MOSFETs Q13, Q14
connected 1 series and being connected with the first
switching leg 1n parallel. Both ends of the first switching are
the DC terminals 10dc¢ of the DC-AC conversion circuit 10,
and the series connection point of the first leg and the series
connection point of the second leg are the AC terminals 10ac
of the DC-AC conversion circuit 10. One end of the first
winding W1 1s electrically connected with both of an anode
of the body diode D11a of one of the plurality of MOSFETs
Q11 of the DC-AC conversion circuit 10 and anode of one
of the plurality of power diodes D11 of the AC-DC conver-
sion circuit 11, and the other end of the first winding W1 1s
clectrically connected with both of a cathode of the body
diode D14a of another of the plurality of MOSFETs Q14 of
the DC-AC conversion circuit 10 and a cathode of another
of the plurality of power diodes D14 of the AC-DC conver-
sion circuit 11.

Also as an example, the AC-DC conversion circuit 11
includes: a first diode leg comprising two of the power
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diodes D11, D12 connected 1n series, and a second diode leg
comprising another two of the power diodes D13, D14
connected 1n series and being connected with the first diode
leg 1n parallel. Both ends of the first diode leg are the DC
terminals 11dc of the AC-DC conversion circuit 11, and the
series connection point of the first diode leg and the series
connection point of the second diode leg are the AC termi-

nals 11ac of the AC-DC conversion circuit 11. The skalled
person shall understand that each MOSFET Q11, Q12, Q13,
Q14 has respective body diode Dlla, D12a, D13a, D14a.
In this instance, if a body diode D11a, D12a, D134, D14a
of a MOSFET Q11, Q12, Q13, Q14 constituting the DC-AC
conversion circuit 10 exhibit relatively slow reverse recov-
ery characteristics and relatively low forward-bias voltage as
compared with the power diodes D11, D12, D13, D14 of the
AC-DC conversion circuit 11, the opened pair of switches
Qal, Qb1 cut off the reverse electrical power which other-

wise would flow from the first winding W1 through the body
diodes Dlla, D12a, D13a, D14a of the MOSFETs Q11,

Q12, Q13, Q14 to the first DC power source V1 bypassing
the power diodes D11, D12, D13, D14 of the AC-DC
conversion circuit 11. This enables the bidirectional DC-DC
converter according to the embodiment of present invention
to achieve bidirectional power transmission with the power
diode of the AC-DC conversion circuit 11 exhibiting faster
reverse recovery characteristics than a body diode of the
MOSFET of the DC-AC conversion circuit 10, such as faster
reverse recovery characteristics diodes or S1C diodes.

Besides, the voltage drop across the respective DC ter-
minals of the AC-DC conversion circuit and the DC-AC
conversion circuit at the first winding side 1s relatively low,
the switch Qal, Qbl may use low voltage auxiliary MOS-
FET and the conductive losses 1s relatively low accordingly.
A body diode Dal, Dbl of the auxiliary MOSFET of the
switch Qal, Qbl 1s connected 1n anti-series with the body
diode D11a, D12a, D13a, D14a of the MOSFET Q11, Q12,
Q13, Q14 of the DC-AC conversion circuit 10, such that
during backward power transmission, the body diodes Dal,
Db1 of the auxiliary MOSFET of the switches Qal, Qb1 are
reversed-biased and the conducting path of the body diode
D1la, D12a, D13a, D14a of the MOSFET Q11, Q12, Q13,
Q14 of the DC-AC conversion circuit 10 1s blocked. In
consideration that the switches Qal, Qb1 would operate at
normal ON or normal OFF state, whose states change
between ON and OFF only when a switch 1s made to imtiate
forward power transmission or backward power transmis-
s10n, their switching frequency 1s much lower than those for
the power switches of either the AC-DC conversion circuit
or the DC-AC conversion circuit, and their switching losses
are negligible. The bidirectional DC-DC converter accord-
ing to the embodiment ol present mvention can use a
mechanical switch such as an electromagnetic relay.

The above-mentioned problem can also be solved by
using an IGBT with an antiparallel diode as a switching/
rectitying device for the AC-DC conversion circuit 10
instead of using the above-described embodiment. However,
the IGBT suflers an increase in the conductive/switching
losses and a decrease 1n the efliciency of forward power
transmission because 1t exhibits slower switching character-
istics and higher conductive losses than MOSFET. Further,
il a switching frequency 1s decreased to reduce the switching
loss, 1t 1s necessary to increase the sizes of some passive
components such has the transformer T and smoothing
capacitors. This will result 1n an increase of the cubic
volume of the bidirectional DC-DC converter.

Another method of solving the above-mentioned problem
without using the present invention 1s to add a parallel
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connected fast recovery diode to the body diode and an
auxiliary diode to block the current flow through the body
diode. However, the use of this method will increase the cost
and PCB layout complexity due to an increase 1n the number
ol parts.

FIGS. 2A to 2D respectively show circuit diagrams stages
F1 to F4 illustrating the switching operation performed

according to the first embodiment 1n forward power trans-
mission. At the side of the first widning W1, the MOSFETs

Q11, Q12, Q13 and Q14 of the DC-AC conversion circuit 10
operate normally as a full bridge converter, the power diodes
D11, D12, D13 and D14 of the AC-DC conversion circuit 11
are reverse biased, and the auxiliary MSOFET Qal, Qbl
maintains ON state. It 1s assumed that the circuit has come

into steady state.
Stage F1:

In stage F1, the auxiliary MSOFET Qal, Qb1 are ON and
the MOSFETs Q11, Q14 are ON, eclectrically connecting
respective DC terminals 10dc, 11dc of the DC-AC conver-
sion circuit 10 and the AC-DC conversion circuit 11 and
clectrically connecting another respective DC terminals
10dc, 11dc of the DC-AC conversion circuit 10 and the
AC-DC conversion circuit 11. The DC power supply V1 1s
applied to the first winding W1 through the the auxiliary
MSOFFET Qal, Qbl and the MOSFETs Q11, Q14, and the
power diodes D11, D12, D13 and D14 of the AC-DC
conversion circuit 11 are reverse biased, and the charging
current I increases flowing through through the auxihary
MSOFFET Qal, Qbl and the MOSFETs Q11, Q14.

The controlled switching devices of the DC-AC conver-
s1on circuit 20 are OFF so that the AC power induced across
the second winding W2 1s applied to the second DC power
supply V2 through the AC-DC conversion circuit 21. Con-

sequently, energy 1s supplied to the second DC power supply
V2.

Stage F2:

When the the MOSFETs Q11, Q14 are turned off, the
current flowing in the MOSFET Q11 and Q14 charge the
respective output capacitor of Q11 and Q14 and discharge
the respective output capacitor of Q12 and Q13, and then
commute to the body diode D12a of the MOSFET (012, and
the body diode D13a of the MOSFET Q13.

Stage F3:

In stage F3, the auxiliary MSOFET Qal, Qb1 are ON and
the MOSFETs (012, Q13 are ON. The DC power supply V1
1s applied to the first widning W1 through the the auxiliary
MSOFET Qal, Qbl and the MOSFETs Q12, Q13, and the
power diodes D11, D12, D13 and D14 of the AC-DC
conversion circuit 11 keep reverse biased, and the The
charging current I decrease to zero and then reversely
increases flowing through the auxiliary MSOFET Qal, Qbl
and the MOSFETs (012, Q13.

The controlled switching devices of the DC-AC conver-
sion circuit 20 are OFF so that the AC power induced across
the second winding W2 1s applied to the second DC power
supply V2 through the AC-DC conversion circuit 21. Con-
sequently, energy 1s supplied to the second DC power supply
V2.

Stage ['4:

When the the MOSFETs Q12, Q13 are turned off, the
current flowing in the MOSFET Q12 and Q13 charge the
respective output capacitor of Q12 and Q13 and discharge
the respective output capacitor of Q11 and Q14, and then
commute to the body diode D11a of the MOSFET (Q11, and
the body diode D14a of the MOSFET Q14.

After stage F4, the circuit will start a new operation and
repeat from Stage F1.
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As can be seen from the operation of the bidirectional
DC-DC converter in the forward power transmission, the
voltage level across the AC terminals 11ac of the AC-DC
conversion circuit 11 1s clamped to the voltage level across
the AC terminals 10ac of the DC-AC conversion circuit 10,
which applies the reverse-biasing of the power diodes D11
to D14 of the AC-DC conversion circuit 11. The resulting
circuit configuration 1s equivalent to a conventional inverter
controlled to convert DC power into AC power.

FIGS. 3A to 3B respectively show circuit diagrams stages
B1 to B2 illustrating the switching operation performed
according to the first embodiment in backward power trans-
mission. At the side of the first widning W1, the MOSFETs
Q11, Q12, Q13 and Q14 of the DC-AC conversion circuit 10
are OFF, the power diodes D11, D12, D13 and D14 of the
AC-DC conversion circuit 11 operate normally as a diode
rectifier, and the auxiliary MSOFET Qal, Qb1 maintains
OFF state, the electrical connection of the respective DC
terminals 10dc, 11dec of the DC-AC conversion circuit 10
and the AC-DC conversion circuit 11 being disconnected,
and the electrical connection of the another respective DC
terminals 10dc, 11dc of the DC-AC conversion circuit 10
and the AC-DC conversion circuit 11 being disconnected.

Stage B1:

AC power 1s supplied from the intermediate conversion
by the first winding W1 of the transformer T. The AC power
1s 1nduced across the first winding W1 by applying the
second DC power supply V2 to the second winding W2 of
the transformer T by the operation of the DC-AC conversion
circuit 20. The charging current I flowing through the power
diodes D11, D14 of the AC-DC conversion circuit 11, but 1s
blocked by the reverse-biased body diodes Dal, Dbl of the
auxiliary MSOFET Qal, Qbl. Consequently, energy 1is
supplied to the first DC power supply V1.

Stage B2:

When phase-commutation occurs in the DC-AC conver-
sion circuit 20, the charging current I reverse 1ts direction
with zero-crossing. The charging current I increases flowing,
through the power diodes D12, D13 of the AC-DC conver-
sion circuit 11, but 1s still blocked by the reverse-biased
body diodes Dal, Dbl of the auxiliary MSOFET Qal, Qbl.
Consequently, energy 1s supplied to the first DC power
supply V1.

After stage B2, the circuit will start a new operation and
repeat from Stage Bl.

As can be seen from the operation of the bidirectional
DC-DC converter 1n the backward power transmission, the
opened switches Qal, Qb1 cut off current path leading from
the first winding W1 of the transformer T through body
diodes D1la, D12a, D13a, D14a of the MOSFETs Q11,
Q12, Q13, Q14. Therefore, even 1f they have a lower
torward-biased voltage than the power diodes D11, D12,
D13, D14 of the AC-DC conversion circuit 11, the former
would not bypass the latter and the performance of the
bidirectional DC-DC converter would not be negatively
allected by the relatively slow reverse recovery character-
istics of the body diode of the MOSFETs.

FIG. 4 1s a schematic circuit diagram of a bidirectional
DC-DC converter with intermediate conversion into AC
power according to a second embodiment of present inven-
tion. The bidirectional DC-DC converter according to the
second embodiment differs from the first embodiment in the
circuit configuration of the DC-AC conversion circuit and
the AC-DC conversion circuit at the side of the first winding,
W1 of the transformer T.

As shown 1n FIG. 4, the DC-AC conversion circuit 10 1s
of half-bridge configuration, including a switching leg com-
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prising two of the MOSFETs (Q11, Q12 connected 1n series,
a capacitor leg comprising a pair of capacitors C11, C12
connected 1n series and being connected with the switching
leg 1n parallel. Both ends of the switching leg are the DC
terminals 10dc¢ of the DC-AC conversion circuit 10, and the
series connection point of the switching leg and the series
connection point of the capacitor leg are the AC terminals
10ac of the DC-AC conversion circuit 10. In the forward
power transmission, the pair of switches Qal, Qb1 are ON.
The pair of capacitors C11, C12 are resued in the AC-DC
conversion circuit 11 configured in half-bridge, as well. As
described hereafter, the capacitors C11, C12 participate 1n
the DC-AC conversion when the forward power transmis-
s10n occurs, and participate 1n the AC-DC conversion when
the backward power transmission occurs. As shown in FIG.
4, the AC-DC conversion circuit 11 includes: a diode leg
comprising two of the power diodes D11, D12 connected 1n
series and the capacitor leg C11, C12 being connected with
the diode leg 1n parallel. Both ends of the diode leg are the
DC terminals 11dc of the AC-DC conversion circuit 11, and
the series connection point of the diode leg and the series
connection point of the capacitor leg are the AC terminals
11ac of the AC-DC conversion circuit 11. One of the AC
terminals 10ac of the DC-AC conversion circuit 10 and one
of the AC terminals 11ac of the AC-DC conversion circuit
11 share the same point. As for the pair of switches Qal,
Qbl, one of them Qal i1s mserted 1n series between respec-
tive DC terminals 10dc, 11dc of the DC-AC conversion
circuit 10 and the AC-DC conversion circuit 11 and the other
of them (b1 1s mserted 1n series between another respective
DC terminals 10dc, 11dc of the DC-AC conversion circuit
10 and the AC-DC conversion circuit 11.

In the forward power transmission, switches QQal, Qb1 are
ON. Where MOSFETs Q11 1s ON and MOSFET Q12 is
OFF, the voltage of the first DC power supply V1 minus the
voltage of the capacitor C12 1s applied across the first
winding W1; where MOSFETs Q11 1s OFF and MOSFET
Q12 1s ON, the voltage of the capacitor C12 1s reversely

applied across the first winding W1. The conducting of
either of the MOSFETs Q11, Q12 of the DC-AC conversion

circuit 10 makes both of the power diodes D11, D12 of the
AC-DC conversion circuit 11 reverse-biased. The AC power
induced across the second winding W2 of the transformer T
1s converted into DC power by the AC-DC conversion
circuit 21 supplied to the second DC power V2.

In the backward power transmission, switches Qal, Qbl
are OFF. This cuts off current path leading from the first
winding W1 of the transformer T through body diodes D11a,
D12a of the MOSFETs Q11, Q12. Therelfore, even if they
have a lower forward-biased voltage than the power diodes
D11, D12 of the AC-DC conversion circuit 11, the former
would not bypass the latter and the performance of the
bidirectional DC-DC converter would not be negatively
aflected by the relatively slow reverse recovery character-
istics of the body diode of the MOSFETs. The resulting
circuit configuration 1s equivalent to half-bridge AC-DC
converter converting the AC power induced across the first
winding W1 of the transformer into DC power charging the
first DC power supply V1. In particular, with the change of
the polarity of the voltage across the first winding, the
induced voltage across the first winding W1 minus the
voltage of the capacitor C12 and the voltage of C11 plus the
voltage of C12 are alternatively applied on the first DC
power supply V1.

As described above, the bidirectional DC-DC converter
according to the embodiment of present mvention 1s speci-
fied with examples explaining circuit topology at the side of
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the first winding W1 and how the bidirectional transmission
of DC power based on that. FIG. 5§ 1s a schematic circuit
diagram of a bidirectional DC-DC converter with interme-
diate conversion ito AC power according to a third embodi-
ment of present mvention. As shown 1n FIG. §, the circuit
topology at the side of the second winding W2 can be
implemented according to that of conventional bidirectional
DC-DC converter, for example a full-bridge using MOS-
FETs as described 1n the We1 Chen et al’s paper, where when
the forward transmission occurs, the resulting circuit con-
figuration 1s equivalent to a uncontrolled AC-DC conversion
circuit using body diodes of the MOSFETs, and when the
backward transmission occurs, the resulting circuit configu-
ration 1s equivalent to a controlled DC-AC conversion
circuit. The DC-AC conversion circuit 20 1s configured 1n
tull-bridge using MOSFETs Q21, (22, Q23, (024. Each of
them has body diode D21a, D22a, D23a, D24a.

As an alternative, the circuit topology at the side of the
second winding W2 can use the circuit configuration similar
to that at the side of the first winding W1 according to an
embodiment of present mvention. FIG. 6 1s a schematic
circuit diagram of a bidirectional DC-DC converter with
intermediate conversion into AC power according to a fourth
embodiment of present invention. As shown 1n FIG. 6, the
DC-AC conversion circuit 20 can be designed 1n a circuit
configuration similar to the DC-AC conversion circuit 10,
including MOSFETs Q21, 22, Q23, Q24 each having body
diode D21a, D22a, D23a, D24a. The AC-DC conversion

circuit 21 can be designed 1n a circuit configuration similar

to the AC-DC conversion circuit 11, including power diodes
D21, D22, D23, D24. Another pair of switches Qa2, Qb2 are
arranged with respect to the DC-AC conversion circuit 20

and the AC-DC conversion circuit 21 in an electrical con-
nection relationship symmetrical to that between the switch

Qal, Qbl and the DC-AC conversion circuit 10 and the

AC-DC conversion circuit 11 according to an embodiment
of present mnvention. Therefore, the switching operation at
the side of the second winding W2 can be performed in the
symmetrical manner as described 1n the prior art or sym-
metrical to operation at the side of the first winding W1

according to the embodiment of present invention.

As an alternative to the embodiment of present invention,
the DC-AC conversion circuit 10 can be configured of
multilevel tull bridge topology or multilevel half bridge
topology. The resulting circuit configuration 1s equivalent to
the circuit configuration described 1n paper Novel Modula-
tion Method of a Three-Level Isolated Full-Bridge LLC
Resonant DC-DC Converter for Wide-output Voltage Appli-
cation, Francisco Canales et al, 15th International Power
Electronics and Motion Control Conference, EPE-PEMC
2012 ECC Europe, Novi Sad, Serbia and A Single Stage
Three Level Resonant LLLC AC/DC Converter, Mohammed
S. Agamy et al, IEEE Applied Power Electronics Conference
& Exposition, 2006.

Preferably, the bidirectional DC-DC converter according,
to the embodiment of present invention further includes a
capacitive element C1, C2, an inductive element L1, L2, or
an inductive element Lm to realize soft-switching of the
MOSFETs

Power losses are calculated and compared between
benchmark solution and that according to the fourth embodi-
ment of present invention, both of which use symmetrical
circuit configuration for the sides of the first winding and the
second winding. FIG. 7 1s a schematic circuit diagram of a
bidirectional DC-DC converter as the benchmark solution.
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1) The Main Circuit Parameter
The main circuit parameters and the semiconductor

device used 1n the power losses calculation are shown 1n
Table 1.

TABLE 1
Benchmark Solution according
solution to present mvention
Input voltage, [V] 400
Output voltage, [V] 400
Output current, [A] 25
Switching frequency, [Hz] 100k
Mamm MOSFET: Q11-Q14, [PW65R041CEFD
Q21-Q24
LLC parameters: Lm 0.12 mH
LLC parameters: L1, L2 7.6 uH
LLC parameters: C1, C2 0.33 ulb
Rectifier diode Body diode of IXYS-
[PW65R041CEFD DSEP30-06A

Auxiliary MOSFET: Qal, n.4a. NTMEFS4937N, x4
Qbl, Qa2, Qb2 in parallel

2) The Simulation Model for Power Losses Evaluation

To have a reasonable simulation of the reverse recovery
losses of diodes, a PLECS model is established, in which the
reverse recovery diode model 1s employed to simulate the
reverse recovery characteristics and losses. For detailed
information of the diode model, please refer to “MAST
Power Diode and Thyristor Models Including Automatic
Parameter Exaction, Alan Courtay, SABER User Group
Meeting, Brighton, UK, September 1995”. Since the solu-
tion according to present invention uses symmetric struc-
ture, only the forward power transmission 1s simulated. The
diode parameters are extracted from fast recovery diodes

(discrete diode IXYS-DSEP30-06A) and parameters of
body diode (Body diode of IPW65R041CFD) respectively.

During simulation, the junction temperature of all the
semiconductor devices are adjusted to around 125° C. to
have a conservative estimation.

The simulation results of the secondary diode current 1s
shown 1n FIG. 8. It can be observed that at any cases of the
switching frequency, the solution according to present
invention has lower 1. and t , thus less power losses from
reverse recovery procedure. In particular, for Buck mode
operation, the benefit of the proposed solution 1s more
prominent.

Since the additional auxiliary MOSFET 1n the proposed
solution operates at normal ON or OFF states. The losses
from the auxiliary MOSFET are rather low and can be
neglected. Though the present invention has been described
on the basis of some preferred embodiments, those skilled 1n
the art should appreciate that those embodiments should by
no way limit the scope of the present invention. Without
departing from the spirit and concept of the present mnven-
tion, any variations and modifications to the embodiments
should be within the apprehension of those with ordinary
knowledge and skills 1n the art, and therefore fall n the
scope ol the present invention which 1s defined by the
accompanied claims.

The mnvention claimed 1s:

1. A bidirectional DC-DC converter with intermediate
conversion into AC power, including:

a DC-AC conversion circuit using a plurality of MOS-

FETs; and

an AC-DC conversion circuit using a plurality of power

diodes;

a transformer magnetically coupling a first winding and a

second winding, wherein the first winding being elec-

trically connected between the DC-AC conversion cir-
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cuit AC terminals and being electrically connected
between the AC-DC conversion circuit AC terminals in
an arrangement such that the AC power generated from
the intermediate conversion by an operation of the
DC-AC conversion circuit 1s transferred by the trans-
former 1n a forward direction from the first winding to
the second winding, and the AC-DC conversion circuit
converts the AC power transierred in a backward
direction from the second winding to the first winding
into DC power;

a pair of switches, one of which being inserted 1n series
between DC terminal of the DC-AC conversion circuit
and a DC terminal of the AC-DC conversion circuit and
the other of which being inserted 1n series between
another DC terminal of the DC-AC conversion circuit
and another DC terminal of the AC-DC conversion
circuit; and

a controller being adapted for turning on the pair of
switches such that the plurality of power diodes of the
AC-DC conversion circuit are reverse-biased where the

AC power 1s transferred 1n the forward direction and
turning ofl the pair of switches where the AC power 1s
transferred in the backward direction.

2. The bidirectional DC-DC converter according to claim

1, wherein:

one of the plurality of power diodes of the AC-DC
conversion circuit exhibits faster reverse recovery char-

acteristics than a body diode of one of the plurality of
MOSFFETs of the DC-AC conversion circuit.
3. The bidirectional DC-DC converter according to claim

2, wherein:

one end of the first winding 1s electrically connected with

both of a cathode of the body diode of one of the
plurality of MOSFETs of the DC-AC conversion circuit
and a cathode of one of the plurality of power diodes of
the AC-DC conversion circuit.

4. The bidirectional DC-DC converter according to claim

3, wherein:

another end of the first winding 1s electrically connected
with both of a cathode of a body diode of another of the
plurality of MOSFETs of the DC-AC conversion circuit
and a cathode of another of the plurality of power
diodes of the AC-DC conversion circuit.

5. The bidirectional DC-DC converter according to claim

2, wherein:

the pair of switches includes an auxiliary MOSFET; and

a body diode of the auxiliary MOSFET of the pair of
switches 1s connected 1n anti-series with the body diode
of one of the plurality of MOSFETs of the DC-AC
conversion circuit.

6. The bidirectional DC-DC converter according to claim

2, wherein:

the DC-AC conversion circuit 1s configured of multilevel
full bridge topology or multilevel half bridge topology.
7. The bidirectional DC-DC converter according to claim

1, wherein:

one end of the first winding 1s electrically connected with
both of a cathode of a body diode of one of the plurality
of MOSFETs of the DC-AC conversion circuit and a
cathode of one of the plurality of power diodes of the
AC-DC conversion circuit.

8. The bidirectional DC-DC converter according to claim

7, wherein:

another end of the first winding 1s electrically connected
with both of a cathode of a body diode of another of the
plurality of MOSFETs of the DC-AC conversion circuit
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and a cathode of another of the plurality of power
diodes of the AC-DC conversion circuit.
9. The bidirectional DC-DC converter according to claim

7, wherein:

the pair of switches includes an auxiliary MOSFET; and
a body diode of the auxiliary MOSFET of the pair of
switches 1s connected 1n anti-series with the body diode
of one of the plurality of MOSFETs of the DC-AC

conversion circuit.
10. The bidirectional DC-DC converter according to

claim 7, wherein:

the DC-AC conversion circuit 1s configured of multilevel
tull bridge topology or multilevel half bridge topology.
11. The bidirectional DC-DC converter according to

claim 1, wherein:

the pair of switches includes an auxiliary MOSFET; and
a body diode of the auxiliary MOSFET of the pair of
switches 1s connected in anti-series with a body diode

of one of the plurality of MOSFETs of the DC-AC
conversion circuit.

12. The bidirectional DC-DC converter according to

claim 1, wherein:

the DC-AC conversion circuit 1s configured of multilevel
tull bridge topology or multilevel half bridge topology.
13. The bidirectional DC-DC converter according to

claim 1, wherein:

the AC-DC conversion circuit 1s configured of full bridge
topology or half bridge topology.
14. The bidirectional DC-DC converter according to

claim 1, wherein:

the DC-AC conversion circuit includes:
a first switching leg comprising two of the plurality of
MOSFETs connected 1n series, and
a second switching leg comprising another two of the
plurality of MOSFETs connected 1n series and being
connected with the first switching leg in parallel;
both ends of the first switching leg are the DC terminals
of the DC-AC conversion circuit; and
a series connection point of the first switching leg and a
series connection point of the second switching leg are

the AC terminals of the DC-AC conversion circuit.
15. The bidirectional DC-DC converter according to

claim 1, wherein:

the AC-DC conversion circuit includes:
a first diode leg comprising two of the power diodes
connected 1n series, and
a second diode leg comprising another two of the
power diodes connected 1n series and being con-
nected with the first diode leg 1n parallel;
both ends of the first diode leg are the DC terminals of the
AC-DC conversion circuit; and
a series connection point of the first diode leg and a series
connection point of the second diode leg are the AC
terminals of the AC-DC conversion circuit.
16. The bidirectional DC-DC converter according to

claim 1, wherein:

the DC-AC conversion circuit includes:

a switching leg comprising two of the plurality of
MOSFETs connected 1n series;

a capacitor leg comprising a pair ol capacitors con-
nected 1n series and being connected with the switch-
ing leg 1n parallel;

wherein:
both ends of the switching leg are the DC terminals of the
DC-AC conversion circuit;
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a series connection point of the switching leg and a series
connection point of the capacitor leg are the AC ter-
minals of the DC-AC conversion circuit.

17. The bidirectional DC-DC converter according to

claim 16, wherein:

the AC-DC conversion circuit includes:

a diode leg comprising two of the plurality of power
diodes connected 1n series; and

the capacitor leg being connected with the diode leg 1n
parallel;

wherein:

both ends of the diode leg are the DC terminals of the
AC-DC conversion circuit; and

a series connection point of the diode leg and a series
connection point of the capacitor leg are the AC ter-
minals of the AC-DC conversion circuit.

18. The bidirectional DC-DC converter circuit according

to claim 1, further includes:

a capacitive element or an inductive element to realize
soit-switching of the plurality of MOSFETs.

19. A method for controlling a bidirectional DC-DC

converter with intermediate conversion ito AC power,
which includes a DC-AC conversion circuit using a plurality
of MOSFETSs, an AC-DC conversion circuit using a plurality
of power diodes, and a transformer magnetically coupling a
first winding and a second winding, wherein the first wind-
ing being electrically connected between DC-AC conver-
sion circuit AC terminals and being electrically connected
between AC-DC conversion circuit AC terminals 1n an
arrangement such that the AC power generated from the
intermediate conversion by an operation of the DC-AC
conversion circuit 1s blocked by the AC-DC conversion
circuit but is transferred by the transformer in a forward
direction from the first winding to the second winding, and
the AC-DC conversion circuit converts the AC power trans-
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ferred 1 a backward direction from the second winding to
the first winding into DC power, the method including steps
of:
where the AC power 1s transferred in the forward direc-
tion:
clectrically connecting respective DC terminals of the
DC-AC conversion circuit and the AC-DC conver-
sion circuit;
clectrically connecting another respective DC terminals
of the DC-AC conversion circuit and the AC-DC
conversion circuit;
reverse-biasing the plurality of power diodes of the
AC-DC conversion circuit; and
supplying the AC power generated from the nterme-
diate conversion by the DC-AC conversion circuit to
the first winding of the transformer;
where the AC power 1s transferred in the backward
direction:
supplying the AC power from the intermediate conver-
sion by the first winding of the transformer;
opening the electrical connection of the respective DC
terminals of the DC-AC conversion circuit and the
AC-DC conversion circuit;
opening the electrical connection of the another respec-
tive DC terminals of the DC-AC conversion circuit
and the AC-DC conversion circuit;
the AC-DC conversion circuit converting the AC power
supplied by the first winding 1into DC power; and
blocking the AC power tlowing through a body diode
of the plurality of MOSFETs of the DC-AC conver-
sion circuit by the opened electrical connections.
20. The method according to claim 19, wherein:
one of the plurality of power diodes of the AC-DC
conversion circuit exhibits faster reverse recovery char-
acteristics than the body diode of the plurality of
MOSFETs of the DC-AC conversion circuit.
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